Abstract-The cognitive behavior of human operators in human-machine system has long served as a compelling target for control theory. For this purpose, extensive research effort has been focused on the manual control of inverted pendulum, from which cognitive and motor behavior can be obtained. However, much less attention has been paid to the effect on this experimental platform with different input, e.g. force, velocity, and position input. With the intention to provide more interactive form between human operators and electromechanical systems, this manuscript gives a comparative study on a virtual pendulum system which is built based on OpenGL when different commands are provided with a joystick. All forms of dynamical models have been obtained though mathematical manipulation. In order to obtain more realistic effect, dynamical models are solved with Runge-kutta method. A joystick interface enables operators to control the pendulum manually, providing a fun experience. This study establishes the foundation for further research on cognitive behavior of human operators in human-machine interaction systems and neural control systems.
INTRODUCTION
There has always been great interest in producing more intelligent robotic systems. The truly intelligent robot system is going to be human-centered and the robot can interact with human effectively. As such, many interdisciplinary components are considered to be part of robotics research. If a robot is supposed to work with the same tools that humans use in daily life, it may be advantageous to understand how humans accomplish motor skills and how the human skill is structured. Unfortunately, the robot may be rather understood, the human characteristics are less well understood [1] [2] [3] .
In order to get knowledge of human dynamical characteristics, human dynamics in man-machine systems is extensively studied, especially with the platform of inverted pendulum. In [4] and [5] , K. Furuta presented the concept of human adaptive mechatronics which is defined as the mechatronics which adapts to the human skill and assists to improve it. Using pendulums as an example, they gave a thorough research on this kind of system. Inspired by the work in [4] , W. Ding et al. [6] introduced human adaptive network mechatronics. Since time-delay is common in this kind of system, they analyzed the speed and frequency characteristics of the human operator with Laminar phase and power spectrum analysis. M. Lupu et al. [7] studied the manual control characteristics in balancing a virtual inverted pendulum with time-delay. The results indicate that human operators tend to adopt a discrete control strategy when the task is difficult due to time-delay, and that the discrete control action is less frequent but with high speed when time-delay is increased. Except for the studies mentioned above, inverted pendulum is also used in identifying the essential feature of human control. I. D. Loram et al. [8] find that human intermittent control of inverted pendulum is entirely natural, highly effective.
From the control point of view, inverted pendulum can be controlled with different input variables, namely, force, velocity and position. However, much less attention has been paid to the effect on this experimental platform with different input. This paper performs a comparative study on the inverted pendulum with different control input. The paper is organized as follows. In section II, we give the mathematical model of the pendulum system and introduce Runge-kutta method which is used to solve nonlinear differential equations. Model solving for inverted pendulum with different input variables are described in section III. Section IV gives experimental results. Conclusions and future works are summarized in section V.
II. PRELIMINARIES

A. Dynamical model of Inverted Pendulum
The model of a pendulum is shown in Fig. 1 
is the moment of inertia of the pendulum bar around its center of gravity, g is the acceleration of gravity.
For numerical simulation of the inverted pendulum system, it is required to transform (1) and (2) into a standard form
In order to transform (1) and (2) (4) From (4), (1) and (2), we get
Finally we get the standard form equations for inverted pendulum by defining 1 
B. Runge-Kutta Method As can be seen in (7), the inverted pendulum is a typical nonlinear system. In order to get a real-time realistic simulation effect, the forth order Runge-kutta method [9] [10] [11] [12] is adopted to solve nonlinear differential equations.
Suppose there are m variables 1 2 , , , m y y y L 
equation (8) can be summarized in vector form as ( )
where ( ) 
where ( )
The inverted pendulum can be controlled manually with different input variables, since data obtained from joystick can be considered as force, velocity, and position.
A. Force Control
Equation (7) gives the dynamical model when force is considered as the control input. Suppose n y is the state at time n t , system state 1 n+ y after a time interval h can be obtained from (10) . Since damping coefficient b is so small that can be neglected in (7), and , , , n n n n a b c d are described as follows. 
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B. Velocity Control
If control input variable from joystick is considered as velocity command, only equation (2) 
C. Position Control
In this case, equation (15) can still be used to describe the dynamics of inverted pendulum. What is different is that data obtained from joystick is considered as the position of the cart, and second-order difference has to be used to obtain the acceleration data. In the same manner as velocity control, the dynamical model of the pendulum can be solved when the operator gives the position command using joystick.
IV. MANUAL CONTROL EXPERIMENT
A virtual inverted pendulum is constructed with OpenGL on Windows XP operating system. The 3D model of the pendulum is firstly constructed in 3DS Max and then the 3ds file is converted into .gl and .h file. In this way, the simulation model is established with Visual C++ and OpenGL. On the other hand, a Microsoft Force Feedback 2 joystick is employed in this system as the input device. The experimental system is illustrated in Fig. 2 .
The computer calculates the equation of motion based on the Runge-Lutta method in real time. Time interval of the calculation is 40 milliseconds and animation of the motion is displayed on the computer screen. The operating interface of the system is given in Fig. 3 , and values of the parameters are as in Table I . 
V. RESULTS OF EXPERIMENT
Experiments are performed with the force, velocity, and position control mode. Fig. 4 (a) -(e) show experiment results in force control mode, Fig. 5 (a)-(e) give the experiment results in velocity control mode, while experiment results in position control mode are provided in Fig. 6 (a)-(e) . During the experiments, we found that the pendulum system is more easily controlled in velocity control mode while it is the hardest in position control mode. From Fig. 4 (d) , Fig. 5 (d) , and Fig. 6 (d) , it is obvious that angular velocity curve gives the most dramatic change. One possible reason is that the second derivative is used to get acceleration of the cart, which introduces much noise in the system. The other reason is that the effect of hand fitter of operator on pendulum system is the most remarkable. 
VI. CONCLUSIONS AND FUTURE WORKS
Manual control of the inverted pendulum with different input variables from joystick has been discussed. With the computer simulation technology manual control in different control mode has been achieved successfully. In order to provide more realistic effect, pendulum models are solved with Runge-Kutta method. This work pave the way for further study on motor and cognitive behavior of human operators.
